The aim of the present study was to investigate an inorganic bovine-derived hydroxyapatite bone substitute (Osteograph ® ) mixed with the same biomaterial coated with a synthetic peptide (P-15) analogue of collagen ). This blend of bone replacement materials was used for sinus floor augmentation. Assessments were carried out by using histology methods, transmission electron microscopy (TEM) and microanalysis (EDX). Ultrastructural and analytical features of the interfaces between the graft material and the peri-biomaterial tissues were evaluated six months after implantation. Our findings clearly show that newly-formed crystallites first develop at the surface of implanted crystals. Histological investigations revealed new bone tissue linking biomaterial particles together. TEM assessments pointed out that lamellar bone was generally separated from the graft material by a layer of woven bone measuring between 1 and 1.5 µm in thickness. Although calcified bone tissue was observed in direct contact with bone filling particles, the presence of mineralized granular material around implanted particles was also noticed. No characteristic periodic striation of mineralized collagen was evident within that mineralized structure. Chemical analyses (TEM-EDX) realized at different locations of newly formed mineralized granular substance along the interface revealed average Ca/P ratios ranging between 1.02 and 1.63. The different, concomitantly occurring, aforementioned structural features of the interfaces strongly suggested that the host responses to the used biomaterial blend resulted from dynamic osseointegration phenomena related to various interfacial mechanisms. Nevertheless, the biological response to the bone graft material appeared clinically and histologically satisfactory.
Introduction
The bone volume between the upper alveolar ridge and the sinus floor is often insufficient to place long lasting implants. This insufficiency can jeopardize a prosthetic rehabilitation with implants. As soon as in 1976, Tatum suggested to increase the bone volume with grafts to obtain a favourable bone support for implantation. In addition to autogenous bone, several materials were tested and then widely used [1, 2] . The use of autogenous bone with its osteoinduction potential is considered as the "Gold standard", particularly in augmentation surgery [3] . Autogenous bone has a remarquable capacity of regenerating and remodelling itself. This is due to the presence of osteoblasts and to a favourable environment that take part in the interactions with the cell matrix. It however carries several downsides as for example the bone products selection area, its availability and the removal constraints. The use of an only osteoconductive bone substitute, but with specific biomimetic properties initiating the first stage of bone production, could then also find its place as a sinus floor elevation material.
In the human body most cells are attached to collagen that shape cell differentiation and especially the osteoblasts [4, 5] . It plays a key role in the regeneration processes. Each tightly coiled strand shows a specific sequence of 15 amino acids (766 -780) able to fix primary cells in the α1(I) chain [6] . In 1996 the works of Qian and Bhatnagar showed an increase of cell attachment, migration and differentiation on hydroxyapatite in the presence of a synthetic peptide related to collagen, and more specifically in presence of a specific sequence of 15 amino acids designated as P-15 [7] . The adsorption of these peptides on an anorganic bone material (ABM) accelerates and facilitates the new bone formation by promoting cell migration on surrounding tissues. The peptide combined with its mineral substrate (ABM P-15) is thought to mimic the cellular receptors [7] . They also have shown that the binding mechanisms and the migra-tion of several types of cells on the Type-I collagen are identical and use the same type of integrin receptors [8] [9] [10] . P-15 is particularly responsible for osteogenous cell binding and triggers a cascade of events that results in new bone formation. In 2003 the same California team showed that the presence of ABM P-15 increased cell binding and osteoblastic activity [11] . These cells release, according of their metabolic needs, their own bone morphogenic proteins and growth factors. These molecules drive the cell differentiation which is the second step towards bone formation. According to Windhagen and Thorey and Valentin, bone regeneration seems to be proportional to the number of collagen cell-binding receptors [12, 13] . Cells link to the ABM P-15 molecules the same way they would to autologous bone graft. ABM P-15 provides a biomimic environment analogue to autologous bone. It has been demonstrated that there is a correlation between the concentration of P-15 and the number of linked cells [8] . ABM P-15 is an augmentation graft material aimed to optimise, by mimic, the bone regeneration process. It is used in periodontics for treatment of bone defects and for bone grafting in implant dentistry. Clinical studies regarding the use of ABM P-15 in human infrabony defects in extraction sockets, in human periodontal osseous defects and in animal periodontal regeneration have been already published [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . In pre-implant surgery ABM P-15 has also been used with cortical autologous bone in ridge augmentation [24, 25] . It was also used for sinus elevation [26] [27] [28] [29] [30] [31] [32] [33] . The findings of these different clinical studies demonstrate that the use of ABM P-15 seems to be favourable in all these applications.
In the past years, several publications increased the knowledge of the physical and biological properties of P-15. In 2004, Trasatti et al. showed a significant increase in Tgf-β1 production by rat osteoblasts in the presence of ABM P-15 in vitro [34] . Their results indicate that ABM-P15 stimulates osteoblasts to express Tgf-β1, which may accelerate bone repair. In 2005, several mechanical properties such as elasticity and rigidity of different graft materials including PepGen P-15 ® (comercial ABM P-15) have been studied and compared to original mandibular bone tissue [35] . Results of these micro-mechanical tests showed that PepGen P-15 ® gave the best biological response at the criteria requested from this type of material. Moreover, studies using atomic force microscopy and infra-red spectroscopy identified the type of link between the ABM and the P-15 [36] . Results showed an ionic interaction between a C-terminal of a peptide carboxyl group and a radical free hydroxyl of the surface of the apatite. This link is irreversible but also brings changes in the conformation of the peptide. In 2003, Turhani et al. showed in vitro that the growth of a osteoblast-like culture was more important on PepGen P- 15 ® when compared to Algipore ® and to Ostéograph ® / N700 [37] .
The aim of the present study was to disclose by optical and transmission electron microscopy, the new bone formation obtained after six months of scarring in a sinus filled with a mix made of one third of PepGen P-15 ® and two thirds of Osteograph ® . Our study will particularly focus on the interface between the filling material and the newly formed bone tissue with the goal to offer a better understanding of the interactions involved in this type of graft.
Materials and Methods

Bone Graft Materials
Ostéograph ® /N700 was obtained from Dentsply Friadent (Mannheim, Germany). This inorganic bone mineral (ABM), already employed in sinus elevation, is in a particulate form with a particle size range of 420 -900 µm [38] .
PepGen P-15 ® also was obtained from Dentsply Friadent (Mannheim, Germany). This graft material is in a particulate form with a particle size range of 250 -420 μm. PepGen P-15 ® (ABM-P15) is made up of two components: an organic part associated to an inorganic substrate.
The inorganic phase is naturally derived hydroxyapatite. It is also an inorganic bone mineral (Ostéograph ® / N300) with a particle size range of 250 -420 μm. The inorganic bovine-derived bone mineral component provides calcium phosphate and a natural anatomical matrix aimed to favour cellular invasion. The inorganic bone mineral (Ostéograph ® ) is submitted to a high temperature treatment (1100˚C) that allows to eliminate all organic material, including prions. The manufacturer guarantees that there are no risks of immunizing reaction or disease transmission due to collagen residues [39, 40] .
The organic part is constituted by a sequence of 15 specific amino acids, and is designated under the name of P-15. This organic phase is aimed to favour cellular connection and supposed to initialize new bone formation. P-15 is of synthetic nature. Its composition and structure are identical to those of the natural sequence of 15 amino-acids of collagen type I: 766 G T P G P Q I A G Q R G V V 780 [7] . P-15 is a specific ligand for cells. Not only have its different connections with the cells been studied but the answer of the osteoblasts regarding the P-15 has also been studied in vitro [6, 8, 41] . They showed that expression of the different genes is modulated by the presence of P-15 in a MG-63 osteoblast like culture. The organic part is adsorbed by incubation, in normal physiological conditions in a stable manner, onto the inorganic bone mineral. P-15 is irreversibly bound to the surface of the inorganic phase [7, 9] . The adsorption of P-15 on the naturally derived hydroxyapatite is performed at saturation: the quantity of petide associated to the inorganic substrate varies from 233 to 259 ng/g of inorganic bone mineral.
Surgery Protocol
The patient was a 39-year-old man, non smoker, with an absence of teeth 26 and 27. X-rays showed a residual bone thickness of 2 to 3 mm. A sinusien filling was programmed with 1/3 PepGen P-15 ® and 2/3 Osteograph ® , the access being done by a vestibular shutter. This bone filling mixture with a few drops of physiological salt solution made a paste that was placed between the Schneider membrane and the sinus floor. The filled cavity was closed with a titanium membrane (Dentsply Friadent ) and nailed to avoid any externalization of the filling. The titanium membrane was removed during the second surgery. Stitches were done (Vicryl ® braided 3/0; Ethicon GmbH & Co. KG, Nordersedt, Germany) and were removed ten days later. Six months after grafting, a bone core was trephined out of the augmented area and implants were put in place. All along these different rehabilitation phases, regular controls were done, the last one taking place two years after the filling. At no times have complications or swelling appeared. Alveolar retro radiographies were taken at each stage of the rehabilitation process.
Specimen Preparation
The biopsy, collected with informed consent from the donor, was immediately immersed in a glutaraldehydeparaformaldehyde solution at 2% in a 0.1 M sodium cacodylate buffer at pH 7.4. The specimen was cut in four equal-sized cylinders. The crestal cylinder was exclusively made of bone coming from the existing sinus floor. The apical cylinder that was in contact with the Schneider membrane was also the farthest from the existing bone zone, and therefore the least mineralized. These two cylinders corresponding to the ends of the biopsy were not used in this study. Only the two median cylinders were kept for the present evaluation. After post-fixation with osmic acid (OsO 4 ) and dehydration with a series of increasing ethanol concentrations, samples were then included in an epoxy resin (Epon ® 812).
Optical Microscopy
Sections were realized perpendicularly to the long axis of the core drilling. After a first trimming of the sample with a diamond mill (W3032-4, ESCIL, France), 2 μm thick sections were made using an ultramicrotom (Sorvall ® , MT-2C, Porter-Blum). Sections were stained with toluidine blue. Observations were made with a Nikon Eclipse TE 200 microscope.
Transmission Electron Microscopy (TEM)
From the same blocs, ultrathin sections of about 100 nm thickness were prepared and deposited on 200 mesh cooper grids. They were stained with uranyl acetate and lead citrate. Conventional TEM observations were made with a Philips CM10 electron microscope operating at 100 kV. High resolution assessments and microanalyses were made with a TOPCON EM-002B electron microscope operating at 200 kV. For elemental analyses the microscope was coupled with a Kevex Delta Plus spectrometer working with a beam-sample incidence angle of 30˚.
XRD Analyse
X-ray diffraction was performed on the two raw biomaterials, prior to implantation, by means of a Kristalloflex D 5000 (Siemens, Karlsruhe, Germany) equipped with a primary beam monochromator (Cu-K α ; λ Cu-Kα = 0.154 nm). The collected data were compared with the JCPDS (Joint Committee of Powder Diffraction Standards) file number 9-0432 corresponding to hydroxyapatite.
Results
X-ray diffraction diagrams (data not shown) of Osteograph ® and PepGen P-15 ® prior to implantation matched with JCPDS file number 9-0432. Thus both raw biomaterials corresponded to hydroxyapatite.
After six months of implantation, the biomaterial was found on almost all the sections of the selected samples. One could clearly see bone formation around the particles of Osteograph ® and PepGen P-15 ® (Figure 1(a) ). This newly formed bone was surrounded by osteoid tissue. We could note that most of the particles were in contact with at least one newly formed mineralized structure. At this scale, no space could be observed between the newly formed calcified tissue and the implanted particles. In many cases, we observed osseous bridging that linked the implanted particles. It was rather easy to distinguish the different biomaterial particles according to their respective sizes. Thanks to their porosity, the implanted mineral particles could be invested by blood vessels (Figures 1(a) and (b) ). It was also evident that bone formations merging from different biomaterial particles joined and thus exhibited cement lines (Figure  1(b) ). The sections studied by TEM were taken from the same samples than those used for the photonic microscopy assessments, (those in the median part of the cylindrical biopsy). From a qualitative point of view, the implanted particles were omnipresent on the sections.
In one part showing no or little ossification, one could find the intact product, seemingly having suffered no specific biological phenomenon. One could observe im- planted mineral particles surrounded by amorphous material without any mineralisation process at the interface (Figure 2(a) ). The implanted biomaterial blend was also observed by high resolution transmission electronic microscopy (HRTEM). Thus it was possible to visualize the characteristic lattice planes of the mineral part of the bone filling material and, in some cases, the regular outlines of the implanted crystals (Figure 2(b) ).
Nevertheless, several observations showed that a mineralization process took place at the periphery of the implanted particles of the filling material (Figure 3(a) ). The spaces separating the biomaterial particles appeared to be filled with a non-mineralized collagen matrix (Figures  3(a) and (b) ). At larger magnification, one could observe electron-dense structures, probably corresponding to new crystal formations, at the surface of the bone filling mineral particles (Figure 3(b) ). Moreover Figure 3(b) emphasized that the mineral response was definitely starting at the interface between the implanted crystals and the collagen matrix.
Many areas showed that newly formed mineralized tissue completely invested the implant material, thus embedding the individual mineral particles of the bone substitute Figure 4(a) . These observations corresponded to a direct apposition of a calcified bone matrix around and within the implanted biomaterial, as mineralized collagen fibrils were evident (Figure 4(a) ). However, it must be pointed out that in many cases the mineralized matrix being in direct contact with the implanted particles was reminiscent of woven bone (Figure 4(b) ). Nev- ertheless a more regularly ordered calcified collagen matrix was observed at distance of the implant-bone tissue interface. This inter-phase of seemingly woven bone, separating the biomaterial particles from the more or less parallel organized mineralized collagen fibrils reminiscent of lamellar bone, measured between 1 and 1.5 µm in thickness (Figure 4(b) ).
We could also observe inter-crystalline spaces within the filling material invested by an electron-dense substance exhibiting a granular aspect (Figure 5(a) ). By filling spaces between implanted mineral particles, this granular electron-dense material bridged biomaterial crystals together. We observed a direct contact between the granular substance and the implanted particles ( Figures  5(a) and (b) ). However, the granular mineralization zones did not show the characteristic features of a calcified collagen matrix, i.e. no periodic striation corresponding to mineralized collagen was evident (Figure 5(a) ).
On the other hand, some observations disclosed the concomitant presence of both aforementioned newly formed mineralized structures within the same interfacial area (Figure 5(b) ). In that latter case, newly formed needle-like crystals developing in a collagen matrix were in direct contact with newly formed granular electrondense substance, both structures being in contact with biomaterial particles. At the analytical point of view, microanalysis measurements realized at different loca- tions of newly formed mineralized granular substance along the interface revealed average Ca/P atomic-ratios ranging between 1.02 and 1.63.
Discussion
PepGen P-15 ® (ABM P-15) is considered as a tissueengineered bone substitute. In the "Tissue Engineering Triad" described by Ueda, P-15 is a signalling molecule, Osteograph ® (ABM) the scaffold and the osteoblasts are the cells [42] . Following Qian and Bhatnagar's researches other teams completed the study of ABM P-15, studying its effects in vitro, comparing it with other calcium phosphates, experimenting it on animals and at last using it in clinical tests [6, 9] . Hanks and Atkinson compared in vitro the cellular behaviour and particularly the osteogenic cells present on ABM in the presence or not of P-15 [43] . The binding between the cell and the extra cellular matrix (ECM) is a key physiological element for the growth, the viability and the survival of the cell. The survival of a cell is determined by the signals from its environment: soluble factors present in the serum and ECM cells interactions through cellular integrines. They are these integrins that are used as mediators for the attachment to collagen. The aforementioned authors showed that P-15 associated with ABM, increases cellular binding and regulates apoptose. In 2004, Kubler studied in vitro, by electron and photonic microscopy the effects of the different bone substitutes (Bio-Base ) on the multiplication, the survival rate and the growth of osteoblasts [44] . After 6 and 9 months of implantation, PepGen P-15 ® gave the best differentiation rate and multiplication of osteoblasts, followed by Ostéograph The nature of the bone substitute has an influence on the multiplication of osteoblasts. This latter study that focused on the first effects, taking place during the first days, of the different substitutes on the cellular multiplication, showed the ability of P-15 to accelerate the first phases of bone construction. PepGen P-15 ® was also studied in the filling of two experimental bone gaps on rabbits [45] . Histological and histomorphometrical results of these studies showed an increase and an acceleration of bone formation when compared to the control sites. This point was also revealed in the study of Thorwarth on the filling of bone cavities created in pig skulls [46] . The filling materials studied separately were the autogenous bone and the two biomaterials used for the present study, PepGen P-15 ® and Osteograph ® N/700. For autogenous bone and PepGen P-15 ® , the first bone formation appeared on the 3 rd day, whereas it took 7 days for Osteograph ® N/700. After six months of implantation a normal and dense bone tissue completely filled the cavity previously occupied by autogenous bone and Ostéo-graph ® N/700. On the other hand, a bone tissue of similar quality formed already after 12 weeks when PepGen P-15 ® was used. The present in vivo findings show the presence of needle-like crystals at the surface of implanted particles. These newly formed crystallites were also described with other ABM of bovine origin in vitro and in vivo with Bio-Oss ® [47, 48] . These observations are in accordance with investigations carried out on the newly-formed crystal growth mechanisms [49] . In short, implanted calcium phosphate particles offer nucleation sites for the mineralization process of new crystallites of apatite nature.
Several interfaces showed the presence of a granular substance. No characteristic periodic striation of mineralized collagen was evident within that mineralized structure. This granular material could even invest all the spaces between the implanted mineral particles. Microanalysis of this newly formed material disclosed the calcium phosphate nature of the granular substance. The fact that calculations performed from X-ray micro-analyses yielded various Ca/P ratios (between 1.02 and 1.63) in different areas of this newly formed material emphasizes the dynamic aspect of that post-implantation mineralization phenomenon. These observations might correspond to dissolution-re-precipitation phenomena described by Daculsi [50] . Anyhow, this mineral filling process of the grafting material's porosity seems particularly interesting for the consolidation and solidity of the bone substitute.
On the other hand, we could clearly identify, by photonic microscopy, bone tissue linking implanted mineral particles together. Moreover, we were able to observe cement lines between new bone tissue formations bridging different implanted particles together. Such interfacial cement lines are thought to act as glue between different bone formations [51, 52] . In a TEM study about Bio-Oss ® , an amorphous zone of a width of 2 μm, located at the interface between the bovine-origin hydroxyapatite and the newly formed bone tissue was described [48] . Such an amorphous layer was not found in the present study, which favors the integration of the graft material. On the contrary, our observations by TEM on the interfaces showed a direct contact of the implanted particles with newly formed mineralized material; either granular mineral substance or calcified bone tissue. Actually, a calcified collagen matrix could be found in direct contact with bone filling particles. TEM assessments pointed out that lamellar bone was generally separated from the graft material by a layer of woven bone.
Krauser et al. [28] . The aim of that study was not to show the specific advantages of PepGen P-15
® , but to demonstrate that the use of bone substitutes, without the addition of autologous bone, could be an alternative in sinus augmentation procedures. In a preliminary case report, Valentin and Weber simply described the principles and mechanisms of sinus floor elevation with Pep-Gen P-15 ® [29] . Philippart et al. reported important bone formations in 3 patients 6 months after sinus grafting, but this was obtained with a complex mixture including autologous bone and PepGen P-15 ® among others [31] . The specific role of PepGen P-15 ® in bone regeneration was difficult to underline in such conditions. Another study was based on 15 fillings with 3 types of combinations with PepGen P-15 ® [30] . Histologic analysis showed well-shaped trabecular bone in 12 patients 5 months after grafting. Yeung et al. used PepGen P-15 Flow ® and showed histologicaly the ability to generate new bone growth in the sinus elevation procedure [33] . Recently, assessed specimens retrieved 18 months after sinus lifting procedure using PepGen P-15 ® .
They described all phases of bone formation in the newly formed bone around the biomaterial particles.
The present approach differs from the aforementioned studies as far as it is not focused on the amount of bone regeneration but rather addresses the interfacial processes and the mineralization mechanisms. Ultrastructural analyses of xenografted-hydroxyapatites are scarce [32, 53, 54] . The direct implant-mineral response contact as well as the osseointegration level of the ABM/ABM P-15 are likely to offer a reliable basis for the stability of the graft. Nevertheless, our results show no major improvement over the use of apatite alone. Uniformly adsorbed P-15 cell-ligand on the ABM surface is expected to lead to homogenous formation of new bone tissue. But our findings rather showed focal bone formations as described when using other hydroxyapatites [38, [47] [48] [49] . The variability of the observed mineral responses, i.e. either granular material or calcified bone tissue, might be explained by the hypothesis of Hole et al. which showed that P-15 attachment to ABM is not homogenous [36] . Nevertheless, in the main the present study suggests a satisfactory osseointegration process of the employed biomaterial.
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